ABSTRACT: Total litter weight weaned at 120 d postpartum per ewe lambing is often believed to be a measure of range ewe productivity. Genetic correlations for litter weight weaned at 120 d with prolificacy, growth, and wool traits for Columbia, Polypay, Rambouillet, and Targhee sheep were estimated using REML with animal models. Observations per breed ranged from 5,140 to 7,083 for litter weight weaned, from 5,140 to 7,095 for prolificacy traits, from 7,750 to 9,530 for growth traits, and from 4,603 to 18,443 for wool traits. Heritability estimates for litter weight weaned were low and ranged from 0.02 to 0.11. Fraction of variance due to permanent environmental effects av-
Introduction
Total litter weight weaned per ewe lambing is a trait often used as an overall measure of range lamb production. Ercanbrack and Knight (1998) reported favorable genetic and economic responses to selection for litter weight weaned. However, before litter weight weaned can be proposed as a selection trait, the phenotypic and genetic relationships with other production traits need to be determined. Estimates of genetic correlations between litter weight weaned and prolificacy, growth, or wool traits have not been reported, but signs for these correlations have been inferred by Ercanbrack and Knight (1998) . These correlations and other genetic and phenotypic (co)variances are needed to calculate expected correlated responses in growth, prolificacy, and 339 eraged 0.05 and, due to effects of mates, averaged 0.01. Estimates of genetic correlations with litter weight weaned varied from breed to breed. The ranges were as follows: 0.42 to 0.65 with litter size born, 0.80 to 0.99 with litter size weaned, −0.22 to 0.28 with birth weight, −0.07 to 0.23 with average daily gain to weaning, −0.56 to 0.19 with fleece weight, −0.15 to 0.02 with fleece grade, and −0.11 to 0.08 with staple length. Results suggest that, if selection were practiced on litter weight weaned, the average correlated responses would be expected to be favorable or neutral for prolificacy, growth, and wool traits although responses might vary from breed to breed.
wool traits if selection is based on litter weight weaned and also for multiple-trait genetic evaluations involving litter weight weaned. Previous studies of correlations with litter weight weaned are few (e.g., Fogarty, 1995) . The objectives of this study were to estimate genetic parameters for the composite trait of litter weight weaned and to estimate genetic correlations between litter weight weaned and growth, prolificacy, and wool traits for dual purpose breeds of sheep raised under range conditions.
Materials and Methods

Data
Data were for the period 1974 to 1996 from animals of Columbia, Polypay, Rambouillet, and Targhee breeds measured at the United States Sheep Experiment Station, Dubois, ID. Summaries of the number of animals with records per breed and type of trait are shown in Table 1 . Means and unadjusted standard deviations for each trait by breed are shown in Table 2 . Ercanbrack and Knight (1998) have described general management of these flocks. Most ewes were bred in pens for 21 d with single-sire matings. Ewes grazed winter ranges until weather required moving to a feedlot, where a late-gestation ration was fed to condition them for lambing. Ewe lambs were bred at 7 mo of age to lamb as yearlings. Yearlings with lambs were managed with mature ewes as part of a range band. The ewes were lambed in sheds at Dubois during April and May. During late spring and summer, ewes with lambs were herded in one of two or three bands of flocks grazing on high-elevation (2,590 m) mountain conifer ranges. Lambs were weaned, as is the standard management practice in western intermountain ranges, in early September at approximately 120 d of age and then grazed Birth weight, kg 5.0 ± 0.9 4.0 ± 0.8 4.7 ± 0.8 4.9 ± 0.9 Average daily gain to weaning, g 262 ± 53 247 ± 47 233 ± 45 241 ± 53
Wool traits (trait of animal)
Fleece weight, kg 5.1 ± 1.1 3.6 ± 0.9 4.6 ± 1.1 4.8 ± 1.1 Fleece grade, U.S. spinning count 57.4 ± 2.6 58.2 ± 2.6 61.5 ± 2.8 59.6 ± 2.6 Staple length, cm 8.3 ± 3.3 7.6 ± 3.2 7.2 ± 2.9 7.9 ± 3.2 a Number of lambs born per ewe lambing.
on pastures or fields for a few weeks before moving them to a feedlot. In the fall, ewes were grazed on sagebrush grasslands (1,700 m) until breeding. Rams were grazed in summer on high meadow pasture and wintered in a feedlot.
Prolificacy Traits. Number of lambs born and number of lambs weaned were reported for the period 1974 to 1996. Data were from ewes lambing.
Weight Traits. Birth weights (kilograms) were from lambs that survived to weaning to remove effects of still-born and immature lambs at birth. Average daily gain (grams per day) was calculated as the difference in weight between weaning and birth, divided by age in days at weaning. Individual weaning weights (kilograms) were adjusted to 120 d of age, using individual birth weight and average daily gain from birth to weaning. Weaning weight and preweaning average daily gain were nearly perfectly correlated (Bromley et al., 2000) . Therefore, correlation analyses with litter weight weaned were done with average daily gain.
Litter Weight Weaned. Litter weight weaned per ewe lambing was the sum of naturally reared individual lamb weights for each year and is a trait of the ewe in contrast to birth weight and average daily gain, which are traits of the lamb.
Wool Traits. 
Statistical Analysis
All analyses were done separately for each breed. Descriptions of fixed and random effects in models for the traits are given in Table 3 . Models for prolificacy, weight, and wool traits were the same as those described by Bromley et al. (2000) . Mating sire was included only for litter weight at weaning because the genotype of the mating sire can influence weight at weaning. Birth weight and average daily gain to weaning were the only traits modeled with maternal genetic and permanent environmental effects (Bromley et al., 2000) .
Single-Trait Analysis for Litter Weight Weaned.
The vector of fixed effects included age of ewe at lambing, year of lambing, and type of foster code. If a ewe raised only her own lambs, the type of foster code was 1. If a ewe fostered a lamb in addition to raising her own lamb, the type of foster code was 2. Foster lambs were grafted only to ewes that gave birth to single lambs. Only lambs reared by their birth dam were included in litter weight weaned for a ewe.
Bivariate Analyses. Pairs of traits were analyzed separately for each breed to estimate covariance components between litter weight weaned and prolificacy, growth, and wool traits. All bivariate analyses included a covariance between additive genetic effects of the two traits, plus additional covariances depending on the model for the traits (Table 3) . Correlations between permanent environmental effects were estimated for litter weight weaned and prolificacy traits and for litter weight weaned and fleece traits recorded in the same year of production.
To account for correlations among environmental effects for litter weight weaned of the ewe and birth weight and average daily gain measured earlier in life, a permanent environmental effect was included in the model for those growth traits. This assignment of a permanent environmental effect to growth traits, which were measured only once for each animal, was done to force the covariance between environmental effects into the covariance between permanent environmental effects rather than to the covariance between residual effects when one of the traits was measured more than once. Although the environmental covariance across traits can be forced into the permanent environmental effects, interpretation requires some caution when one trait, such as birth weight, cannot have repeated mea- sures (Okut et al., 1999) . Because of the complete confounding between the permanent environmental and residual effects, variance due to those effects can go to either component of variance, which also makes interpretation of the correlations among permanent environmental effects difficult. One way to interpret the residual and permanent environmental variances and covariances is to calculate a combined environmental variance from the sum of the original residual and permanent environmental variance components, which can be used to calculate an environmental correlation as in the following formula: (Okut et al., 1999) .
Covariances between temporary environmental effects were estimated from bivariate analyses for litter weight weaned and each prolificacy trait because observations for litter weight weaned and the two prolificacy traits were available in the same years for each ewe.
All analyses were conducted using a derivative-free REML algorithm (Graser et al., 1987) implemented in computer programs of Boldman et al. (1993) . Restarts at local convergence (variance of the −2 log likelihoods in the simplex of less than 10 −6 ) were done until global convergence was declared when the −2 log likelihoods did not change to the third decimal.
Results and Discussion
Litter Weight Weaned
Estimates of variance components from single-trait analyses for the four breeds for litter weight weaned are given in Table 4 . Heritability estimates ranged from 0.02 to 0.11. The review by Fogarty (1995) lists an average estimate of heritability of 0.14 and of repeatability of 0.15 from six and four studies, respectively. The average estimate for the heritability for the four breeds reported here was less, 0.08, but the average estimate of repeatability was similar, 0.13. The low heritability estimates for this trait are not surprising because litter weight weaned is a complex composite trait. Genetic improvement in litter weight weaned has been previously attributed to fertility, prolificacy, lamb growth, lamb survival to weaning, and ewe viability from breeding to weaning (Ercanbrack and Knight, 1998) . Environmental effects have a highly significant effect on the expression of litter weight weaned as evidenced by the large residual variances. Estimates of relative variance due to permanent environmental effects associated with the ewe were not large, ranging from 0.00 to 0.10. Thus, a ewe's lifetime expression of litter weight weaned would not be significantly influenced by permanent environmental effects linked with the ewe under this management system.
Because litter weight weaned is a composite trait, comparison of its heritability estimate with estimates for the major component traits, such as individual lamb weaning weight and litter size weaned, is warranted. Heritability estimates for litter weight weaned were less than previously reported heritability estimates for individual lamb weaning weight. Van Zyl (1998) reported heritability estimates for individual lamb weaning weights at 120 d of age ranging from 0.09 to 0.20 based on the same data. Al-Shorepy and Notter (1996) reported a similar direct heritability estimate of 0.19 for weaning weight at 120 d of age. Maria et al. (1993) , using an animal model, obtained heritability estimates for individual weaning weights at 90 d and 120 d of age of 0.04 to 0.34 and 0.05 to 0.41, respectively. Tosh and Kemp (1994) reported direct and maternal heritabilities for weaning weight at 100 d that ranged from 0.14 to 0.39 and 0.02 to 0.19, respectively. Litter weight weaned and individual lamb weight are not the same trait unless the population has only single reared lambs. Selection for individual lamb weaning weight can improve lamb growth but would not necessarily increase and could decrease total lamb production per ewe (Lasslo et al., 1985; Snowder et al., 1996) .
Heritability estimates for litter weight weaned, although small, were greater than the estimates for the component trait, litter size at weaning, for all breeds except for the Columbia breed, for which the estimates were the same (Bromley et al., 2000) . Direct selection for litter weight weaned may be more appropriate than direct selection for litter size. In a selection experiment with mice, direct selection for litter weight weaned was three times as effective as selection for litter size at birth for increasing litter weight weaned (Luxford and Beilharz, 1990) .
Effects of mating sires on litter weight weaned were small, as estimates of fractional variance ranged from 0.00 to 0.03 and averaged 0.01 of the phenotypic variance. Mating sire effects would primarily be associated with the lamb weight component of litter weight and with lamb survival.
Litter Weight Weaned and Prolificacy Traits
Estimates of genetic parameters from bivariate analyses for litter weight weaned paired with litter size at birth and weaning are reported in Table 5 . Heritability estimates for litter size at birth from the bivariate analyses were similar to the estimates from single-trait analyses (Bromley et al., 2000) for all breeds. Heritability estimates for litter weight weaned in the bivariate analyses with litter size at birth were similar to the heritability estimates for litter weight weaned in the single-trait analyses for all breeds. Estimates of direct genetic correlations between litter weight weaned and litter size at birth were positive and moderate, ranging from 0.42 to 0.65, which are similar to the average of estimates reported by Fogarty (1995) . These results suggest that selection to increase either litter weight weaned or litter size at birth would result in a moderate positive response for the other trait. For the two-trait analyses with litter size at weaning, estimates of heritability for litter weight weaned were the same as when analyzed with litter size born and were similar to those from the single-trait analyses. Heritability estimates for litter size at weaning derived from bivariate analyses were similar to the estimates from the single-trait analyses for Columbia and Rambouillet breeds; however, heritability estimates from bivariate analyses were slightly larger than estimates from the single-trait analyses for Polypay and Targhee breeds (Bromley et al., 2000) .
Estimates of genetic correlations between litter weight weaned and litter size at weaning were positive and high, ranging from 0.80 to 0.99 (Table 5) , somewhat larger on average than estimates summarized by Fogarty (1995) . Therefore, direct selection for either the composite trait (litter weight weaned) or the component trait (litter size at weaning) could be expected to improve ewe productivity in contrast to the experimental results with mice (Luxford and Beilharz, 1990) . For commercial and some purebred producers, counting lambs within a litter at weaning may be more practical than weighing individual lambs.
Estimates of correlations between permanent environmental effects of ewes were large and negative for litter weight weaned and litter size at birth (−1.00 to −0.65 except for Columbia with r p = 0.14), but large and positive (0.89 to 1.00) for litter weight weaned and litter size at weaning. The high estimates of correlations for permanent environmental effects of ewes may be due to generally small estimates of variance due to permanent environmental effects of ewes especially for litter size at birth.
Estimates of correlations between residual effects for litter weight weaned and litter size at birth were moder- ate and positive (0.33 to 0.41), but were large and positive (0.94 to 0.95) for litter weight weaned and litter size at weaning. Because litter size at weaning is a multiplicative component of litter weight weaned, large estimates of correlation between the temporary environmental effects were expected, as litter size is a major component of litter weight weaned.
Litter Weight Weaned and Growth Traits
Estimates of genetic and environmental parameters from bivariate analyses for litter weight weaned with birth weight and preweaning average daily gain are reported in Table 6 . Heritability estimates for birth weight in two-trait analyses, compared with the heritability estimates for birth weight in single-trait analyses (Bromley et al., 2000) , were somewhat larger for Columbia, Rambouillet, and Targhee breeds but were the same for Polypay. Estimates of direct genetic correlations between litter weight weaned and birth weight ranged from −0.22 to 0.28 (Table 6 ). The average of estimates of genetic correlations (0.10) between direct genetic effects for litter weight weaned and birth weight suggests that a small positive genetic correlation exists. Selection to improve genetic merit in either of these two traits would have little influence on genetic response in the other trait. Estimates of correlation between direct genetic values for litter weight weaned and maternal genetic values for birth weight were positive and ranged from moderate for Rambouillet and Targhee (0.43 and 0.35) to large (0.70 and 0.71) for Columbia and Polypay breeds. Such positive correlations would be expected because birth weight is a component of litter weight weaned of the ewe and a positive maternal effect on individual lamb birth weight would be expressed in litter weight weaned as a trait of the ewe. Selection to improve litter weight weaned on a ewe would, as might be expected, also tend to increase maternal genetic value for birth weight.
Estimates of direct genetic correlations between litter weight weaned and preweaning average daily gain were relatively small and ranged from −0.07 and 0.23 (Table  6 ). Litter weight weaned is a composite trait of litter size and average weaning weight of lambs in the litter. The small genetic correlation with average daily gain indicates that the main component of litter weight weaned is litter size. Therefore, selection to increase litter weight weaned would have little influence on average daily gain or selection on average daily gain would have little correlated response in litter weight weaned. The correlations between maternal genetic value for average daily gain to weaning and direct genetic value for litter weight weaned were all greater than 0.90, averaging 0.97. Such high correlations would be expected because a lamb's growth rate is an expression of the ewe's maternal ability as well as her transmitting ability for growth and litter size weaned in a maternally measured trait. Heritability estimates for average daily gain in two-trait analyses compared with heritability estimates for average daily gain in single-trait analyses (Bromley et al., 2000) were slightly smaller for Columbia and Polypay breeds, but somewhat larger for Rambouillet and Targhee breeds. Generally positive genetic correlations between litter weight weaned and litter size at birth, litter size at weaning, and average daily gain were inferred from the positive phenotypic responses in those traits during long-term selection for litter weight weaned (Ercanbrack and Knight, 1998) . Fogarty (1995) did not report any estimates of genetic correlations between birth or weaning weight and litter weight weaned.
For bivariate analyses of litter weight weaned and average daily gain, estimates of variance due to permanent environmental effects of ewes on litter weight weaned as proportions of total variance were small or near zero for all breeds and estimates of variance due to mating sires as proportions of total variance were near zero except for Polypay. Total environmental correlations were near zero for bivariate analyses of litter weight weaned with birth weight or average daily gain.
Litter Weight Weaned and Wool Traits
Estimates of genetic parameters from bivariate analyses for litter weight weaned with different combinations of wool traits are reported in Table 7 . Heritability estimates for litter weight weaned were similar for single-and two-trait analyses with wool traits. In the twotrait analyses, the heritability estimates for litter weight weaned were the same for all four breeds when paired with any of the three wool traits.
Estimates of direct genetic correlations between litter weight weaned and all three wool traits were on average near zero (Table 7) , except for the −0.56 for Columbia between litter weight weaned and fleece weight, which may be an artifact associated with the small heritability for litter weight weaned for Columbia. Fogarty (1995) reported only one estimate of the genetic correlation between litter weight weaned and any wool traits (0.63 with greasy fleece weight). The average of the correlations suggests that litter weight weaned and these wool traits are genetically independent. Thus, selection to improve litter weight weaned or any of these wool traits would not likely result in much correlated genetic response for the other trait.
Estimates of correlations for permanent environmental effects of ewes for litter weight weaned and fleece weight varied from −0.68 to 0.21. The large negative correlations for permanent environmental effects between litter weight weaned and staple length may be due to the small number of repeated measurements on staple length and have little importance due to the nearzero amount of variance in staple length accounted for by permanent environmental effects.
Implications
Litter weight weaned per ewe lambing has been proposed as a measure of ewe productivity. Few estimates of genetic correlations between litter weight weaned and prolificacy, growth, or wool traits have been previously reported. This study shows that litter weight weaned has a relatively low direct heritability, but that response to selection could be significant due to the relatively large genetic variance. The estimates of moderate and positive genetic correlations of litter weight weaned with litter size at birth, litter size at weaning, birth weight, and preweaning average daily gain suggest that positive genetic change would be made in many traits by selecting for litter weight weaned. Selection for litter weight weaned should result in little change in wool traits because wool traits are essentially genetically uncorrelated with litter weight weaned. These estimates of genetic correlations and heritabilities can be used to calculate expected responses in the other traits if selection is on litter weight weaned, or can be used to develop selection indexes to predict ewe productivity.
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